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Abstract
The Available Bit Rate (ABR) service in ATM networks has been specied to allow fair and ecient
support of data applications over ATM utilizing capacity left over after servicing higher priority
classes. One of the architectural features in the ABR specication [1] is the Virtual Source/Virtual
Destination (VS/VD) option. This option allows a switch to divide an end-to-end ABR connection
into separately controlled ABR segments by acting like a destination on one segment, and like a
source on the other. The coupling in the VS/VD switch between the two ABR control segments
is implementation specic. In this paper, we model a VS/VD ATM switch and study the issues in
designing coupling between ABR segments. We identify a number of implementation options for
the coupling. A good choice signicantly improves the stability and transient performance of the
system and reduces the buer requirements at the switches.
1 Introduction
Asynchronous Transfer Mode (ATM) networks provide multiple classes of service tailored to support
data, voice, and video applications. Of these, the Available Bit Rate (ABR) and the Unspecied Bit
Rate (UBR) service classes have been specically developed to support data applications. Trac is
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The VS/VD option requires the implementation of per-VC queueing and scheduling at the switch. In
addition to per-VC queueing and scheduling, there is an incremental cost to enforce the (dynamically
changing) rates of VCs, and to implement the logic for the source and destination end system rules
as prescribed by the ATM Forum [1].
The goal of this study is nd answers to the following questions:
 Do VS/VD switches really improve ABR performance?
 What changes to switch algorithms are required to operate in VS/VD environments?
 Are there any side-eects of having multiple control loops in series?
In this paper, we model and study VS/VD switches using the ERICA switch algorithm [8] to
calculate rate feedback. We describe our switch model and the use of the ERICA algorithm in
sections 2 and 3. The VS/VD design options are listed and evaluated in sections 4 and 5. The
results and future work are summarized in sections 7 and 8.
2 Switch Queue Structure
In this section, we rst present a simple switch queue model for the non-VS/VD switch and later
extend it to a VS/VD switch by introducing per-VC queues. The ow of data, forward RM (FRM)
and backward RM (BRM) cells is also closely examined.
2.1 A Non-VS/VD Switch
A minimal non-VS/VD switch has a separate FIFO queue for each of the dierent service classes
(ABR, UBR etc.). We refer to these queues as \per-class" queues. The ABR switch rate allocation
algorithm is implemented at every ABR class queue. This model of a non-VS/VD switch based
network with per-class queues is illustrated in Figure 2.
Besides the switch, the gure shows a source end system, S, and a destination end system, D, each
having per-VC queues to control rates of individual VCs. For example, ABR VCs control their
Allowed Cell Rates (ACRs) based upon network feedback. We assume that the source/destination
per-VC queues feed into corresponding per-class queues (as shown in the gure) which in turn feed
to the link. This assumption is not necessary in practice, but simplies the presentation of the
3
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B
R
M
c
e
l
l
,
t
h
e
A
C
R
o
f
t
h
e
p
e
r
-
V
C
q
u
e
u
e
a
t
t
h
e
V
S
i
s
u
p
d
a
t
e
d
u
s
i
n
g
t
h
e
E
R

e
l
d
i
n
t
h
e
B
R
M
(
E
R
o
f
t
h
e
s
u
b
s
e
q
u
e
n
t
A
B
R
s
e
g
m
e
n
t
s
)
a
s
s
p
e
c
i

e
d
i
n
t
h
e
s
o
u
r
c
e
e
n
d
s
y
s
t
e
m
r
u
l
e
s
[
2
]
)
.
A
d
d
i
t
i
o
n
a
l
l
y
,
t
h
e
E
R
v
a
l
u
e
o
f
t
h
e
s
u
b
s
e
q
u
e
n
t
A
B
R
s
e
g
m
e
n
t
s
n
e
e
d
s
t
o
b
e
m
a
d
e
k
n
o
w
n
t
o
t
h
e
V
D
o
f
t
h
e

r
s
t
s
e
g
m
e
n
t
.
O
n
e
w
a
y
o
f
d
o
i
n
g
t
h
i
s
i
s
f
o
r
t
h
e
V
D
o
f
t
h
e

r
s
t
s
e
g
m
e
n
t
t
o
u
s
e
t
h
e
A
C
R
o
f
t
h
e
V
C
i
n
t
h
e
V
S
o
f
t
h
e
n
e
x
t
s
e
g
m
e
n
t
w
h
i
l
e
t
u
r
n
i
n
g
a
r
o
u
n
d
F
R
M
c
e
l
l
s
.
T
h
e
m
o
d
e
l
c
a
n
b
e
e
x
t
e
n
d
e
d
t
o
m
u
l
t
i
p
l
e
u
n
i
d
i
r
e
c
t
i
o
n
a
l
V
C
s
i
n
a
s
t
r
a
i
g
h
t
f
o
r
w
a
r
d
w
a
y
.
F
i
g
u
r
e
4
s
h
o
w
s
t
w
o
u
n
i
d
i
r
e
c
t
i
o
n
a
l
V
C
s
,
V
C
1
a
n
d
V
C
2
,
b
e
t
w
e
e
n
t
h
e
s
a
m
e
s
o
u
r
c
e
S
a
n
d
d
e
s
t
i
n
a
t
i
o
n
D
w
h
i
c
h
g
o
f
r
o
m
L
i
n
k
1
t
o
L
i
n
k
2
o
n
a
V
S
/
V
D
s
w
i
t
c
h
.
O
b
s
e
r
v
e
t
h
a
t
t
h
e
r
e
i
s
a
s
e
p
a
r
a
t
e
V
S
a
n
d
V
D
c
o
n
t
r
o
l
f
o
r
e
a
c
h
V
C
.
W
e
o
m
i
t
n
o
n
-
A
B
R
q
u
e
u
e
s
i
n
t
h
i
s
a
n
d
s
u
b
s
e
q
u
e
n
t

g
u
r
e
s
.
            
F
i
g
u
r
e
4
:
M
u
l
t
i
p
l
e
u
n
i
d
i
r
e
c
t
i
o
n
a
l
V
C
s
i
n
a
V
S
V
D
s
w
i
t
c
h
5
2
.
4
B
i
-
d
i
r
e
c
t
i
o
n
a
l
D
a
t
a
F
l
o
w
B
i
-
d
i
r
e
c
t
i
o
n
a
l

o
w
i
n
a
V
S
/
V
D
s
w
i
t
c
h
(
F
i
g
u
r
e
5
)
i
s
a
g
a
i
n
a
s
i
m
p
l
e
e
x
t
e
n
s
i
o
n
t
o
t
h
e
a
b
o
v
e
m
o
d
e
l
.
T
h
e
d
a
t
a
o
n
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
V
D
i
s
f
o
r
w
a
r
d
e
d
t
o
t
h
e
n
e
x
t
l
o
o
p
V
S
.
F
R
M
s
a
r
e
t
u
r
n
e
d
a
r
o
u
n
d
b
y
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
V
D
t
o
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
V
S
.
B
R
M
s
a
r
e
p
r
o
c
e
s
s
e
d
b
y
t
h
e
n
e
x
t
l
o
o
p
V
S
t
o
u
p
d
a
t
e
t
h
e
c
o
r
r
e
s
p
o
n
d
i
n
g
A
C
R
s
.
            
F
i
g
u
r
e
5
:
M
u
l
t
i
p
l
e
b
i
-
d
i
r
e
c
t
i
o
n
a
l
V
C
s
i
n
a
V
S
V
D
s
w
i
t
c
h
W
e
w
i
l
l
d
i
s
c
u
s
s
t
h
e
r
a
t
e
s
a
n
d
a
l
l
o
c
a
t
i
o
n
s
o
f
V
C
1
o
n
l
y
.
V
C
1
h
a
s
t
w
o
A
C
R
s
:
A
C
R
1
i
n
t
h
e
r
e
v
e
r
s
e
d
i
r
e
c
t
i
o
n
o
n
L
i
n
k
1
a
n
d
A
C
R
2
i
n
t
h
e
f
o
r
w
a
r
d
d
i
r
e
c
t
i
o
n
o
n
L
i
n
k
2
.
H
e
n
c
e
f
o
r
t
h
,
t
h
e
s
u
b
s
c
r
i
p
t
1
r
e
f
e
r
s
t
o
t
h
e
\
p
r
e
v
i
o
u
s
l
o
o
p
"
v
a
r
i
a
b
l
e
s
a
n
d
s
u
b
s
c
r
i
p
t
2
t
o
t
h
e
\
n
e
x
t
l
o
o
p
"
v
a
r
i
a
b
l
e
s
o
f
V
C
1
.
3
B
a
s
i
c
E
R
I
C
A
S
w
i
t
c
h
S
c
h
e
m
e
W
e
u
s
e
t
h
e
E
R
I
C
A
a
l
g
o
r
i
t
h
m
[
8
]
f
o
r
c
o
n
g
e
s
t
i
o
n
c
o
n
t
r
o
l
a
t
t
h
e
s
w
i
t
c
h
e
s
.
W
e
g
i
v
e
a
b
r
i
e
f
o
v
e
r
v
i
e
w
o
f
t
h
e
a
l
g
o
r
i
t
h
m
i
n
t
h
i
s
s
e
c
t
i
o
n
.
E
R
I
C
A

r
s
t
s
e
t
s
a
t
a
r
g
e
t
r
a
t
e
a
s
f
o
l
l
o
w
s
:
T
a
r
g
e
t
R
a
t
e
=
T
a
r
g
e
t
U
t
i
l
i
z
a
t
i
o
n

L
i
n
k
R
a
t
e
-
V
B
R
R
a
t
e
-
C
B
R
R
a
t
e
I
t
a
l
s
o
m
e
a
s
u
r
e
s
t
h
e
i
n
p
u
t
r
a
t
e
t
o
t
h
e
A
B
R
q
u
e
u
e
a
n
d
t
h
e
n
u
m
b
e
r
o
f
a
c
t
i
v
e
A
B
R
s
o
u
r
c
e
s
.
T
o
a
c
h
i
e
v
e
f
a
i
r
n
e
s
s
,
t
h
e
V
C
'
s
A
l
l
o
c
a
t
i
o
n
(
V
A
)
h
a
s
a
c
o
m
p
o
n
e
n
t
:
V
A
f
a
i
r
n
e
s
s
=
T
a
r
g
e
t
R
a
t
e
/
N
u
m
b
e
r
o
f
A
c
t
i
v
e
V
C
s
T
o
a
c
h
i
e
v
e
e

c
i
e
n
c
y
,
t
h
e
V
C
'
s
A
l
l
o
c
a
t
i
o
n
(
V
A
)
h
a
s
a
c
o
m
p
o
n
e
n
t
:
V
A
e

c
i
e
n
c
y
=
V
C
'
s
C
u
r
r
e
n
t
C
e
l
l
R
a
t
e
/
O
v
e
r
l
o
a
d
,
w
h
e
r
e
O
v
e
r
l
o
a
d
=
I
n
p
u
t
R
a
t
e
/
T
a
r
g
e
t
R
a
t
e
;
F
i
n
a
l
l
y
,
t
h
e
V
C
'
s
a
l
l
o
c
a
t
i
o
n
o
n
t
h
i
s
l
i
n
k
(
V
A
L
)
i
s
c
a
l
c
u
l
a
t
e
d
a
s
:
6
V
A
L
=
M
a
x
f
V
A
e

c
i
e
n
c
y
,
V
A
f
a
i
r
n
e
s
s
g
=
F
u
n
c
t
i
o
n
f
I
n
p
u
t
R
a
t
e
,
V
C
'
s
c
u
r
r
e
n
t
r
a
t
e
g
N
o
t
e
t
h
a
t
t
h
e
f
u
l
l
E
R
I
C
A
a
l
g
o
r
i
t
h
m
c
o
n
t
a
i
n
s
s
e
v
e
r
a
l
e
n
h
a
n
c
e
m
e
n
t
s
w
h
i
c
h
a
c
c
o
u
n
t
f
o
r
f
a
i
r
n
e
s
s
,
q
u
e
u
e
i
n
g
d
e
l
a
y
s
,
a
n
d
w
h
i
c
h
h
a
n
d
l
e
s
h
i
g
h
l
y
v
a
r
i
a
n
t
b
u
r
s
t
y
(
O
N
-
O
F
F
)
t
r
a

c
e

c
i
e
n
t
l
y
.
A
c
o
m
p
l
e
t
e
d
e
s
c
r
i
p
t
i
o
n
o
f
t
h
e
a
l
g
o
r
i
t
h
m
i
s
p
r
o
v
i
d
e
d
i
n
r
e
f
e
r
e
n
c
e
[
8
]
.
W
e
n
o
w
d
e
s
c
r
i
b
e
w
h
e
r
e
t
h
e
E
R
I
C
A
r
a
t
e
c
a
l
c
u
l
a
t
i
o
n
s
a
r
e
d
o
n
e
i
n
a
n
o
n
-
V
S
/
V
D
s
w
i
t
c
h
a
n
d
i
n
a
V
S
/
V
D
s
w
i
t
c
h
.
3
.
1
R
a
t
e
C
a
l
c
u
l
a
t
i
o
n
s
i
n
a
n
o
n
-
V
S
/
V
D
S
w
i
t
c
h
T
h
e
n
o
n
-
V
S
/
V
D
s
w
i
t
c
h
c
a
l
c
u
l
a
t
e
s
t
h
e
r
a
t
e
(
V
A
L
)
f
o
r
s
o
u
r
c
e
s
w
h
e
n
t
h
e
B
R
M
s
a
r
e
p
r
o
c
e
s
s
e
d
i
n
t
h
e
r
e
v
e
r
s
e
d
i
r
e
c
t
i
o
n
a
n
d
e
n
t
e
r
s
i
t
i
n
t
h
e
B
R
M

e
l
d
a
s
f
o
l
l
o
w
s
:
E
R
i
n
B
R
M
=
M
i
n
f
E
R
i
n
B
R
M
,
V
A
L
g
A
t
t
h
e
s
o
u
r
c
e
e
n
d
s
y
s
t
e
m
,
t
h
e
A
C
R
i
s
u
p
d
a
t
e
d
a
s
:
A
C
R
=
F
u
n
c
t
i
o
n
f
E
R
,
V
C
'
s
c
u
r
r
e
n
t
A
C
R
g
3
.
2
R
a
t
e
C
a
l
c
u
l
a
t
i
o
n
s
i
n
a
V
S
/
V
D
S
w
i
t
c
h
F
i
g
u
r
e
6
s
h
o
w
s
t
h
e
r
a
t
e
c
a
l
c
u
l
a
t
i
o
n
s
i
n
a
V
S
/
V
D
s
w
i
t
c
h
.
S
p
e
c
i

c
a
l
l
y
,
t
h
e
s
e
g
m
e
n
t
s
t
a
r
t
i
n
g
a
t
L
i
n
k
2
(
\
n
e
x
t
l
o
o
p
"
)
r
e
t
u
r
n
s
a
n
E
R
v
a
l
u
e
,
E
R
2
i
n
t
h
e
B
R
M
,
a
n
d
t
h
e
F
R
M
o
f
t
h
e

r
s
t
s
e
g
m
e
n
t
(
\
p
r
e
v
i
o
u
s
l
o
o
p
"
)
i
s
t
u
r
n
e
d
a
r
o
u
n
d
w
i
t
h
a
n
E
R
v
a
l
u
e
o
f
E
R
1
.
T
h
e
E
R
I
C
A
a
l
g
o
r
i
t
h
m
f
o
r
t
h
e
p
o
r
t
t
o
L
i
n
k
2
c
a
l
c
u
l
a
t
e
s
a
r
a
t
e
(
V
A
L
2
)
a
s
:
V
A
L
2
=
F
u
n
c
t
i
o
n
f
I
n
p
u
t
R
a
t
e
,
V
C
'
s
C
u
r
r
e
n
t
R
a
t
e
g
.
T
h
e
r
a
t
e
c
a
l
c
u
l
a
t
i
o
n
s
a
t
t
h
e
V
S
a
n
d
V
D
a
r
e
a
s
f
o
l
l
o
w
s
:
            
F
i
g
u
r
e
6
:
R
a
t
e
c
a
l
c
u
l
a
t
i
o
n
s
i
n
V
S
/
V
D
s
w
i
t
c
h
e
s

D
e
s
t
i
n
a
t
i
o
n
a
l
g
o
r
i
t
h
m
f
o
r
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
:
E
R
1
=
M
i
n
f
E
R
1
;
V
A
L
2
;
A
C
R
2
g
7

S
o
u
r
c
e
A
l
g
o
r
i
t
h
m
f
o
r
t
h
e
n
e
x
t
l
o
o
p
:
O
p
t
i
o
n
a
l
l
y
,
E
R
2
=
M
i
n
f
E
R
2
;
V
A
L
2
g
A
C
R
2
=
F
n
f
E
R
2
;
A
C
R
2
g
T
h
e
u
n
k
n
o
w
n
s
i
n
t
h
e
a
b
o
v
e
e
q
u
a
t
i
o
n
s
a
r
e
t
h
e
i
n
p
u
t
r
a
t
e
a
n
d
t
h
e
V
C
'
s
c
u
r
r
e
n
t
r
a
t
e
.
W
e
s
h
a
l
l
s
e
e
i
n
t
h
e
n
e
x
t
s
e
c
t
i
o
n
t
h
a
t
t
h
e
r
e
a
r
e
s
e
v
e
r
a
l
w
a
y
s
o
f
m
e
a
s
u
r
i
n
g
V
C
r
a
t
e
s
a
n
d
i
n
p
u
t
r
a
t
e
s
,
c
o
m
b
i
n
i
n
g
t
h
e
f
e
e
d
b
a
c
k
f
r
o
m
t
h
e
n
e
x
t
l
o
o
p
,
a
n
d
u
p
d
a
t
i
n
g
t
h
e
A
C
R
o
f
t
h
e
n
e
x
t
l
o
o
p
.
N
o
t
e
t
h
a
t
t
h
o
u
g
h
d
i

e
r
e
n
t
s
w
i
t
c
h
e
s
m
a
y
i
m
p
l
e
m
e
n
t
d
i

e
r
e
n
t
a
l
g
o
r
i
t
h
m
s
,
m
a
n
y
m
e
a
s
u
r
e
q
u
a
n
t
i
t
i
e
s
s
u
c
h
a
s
t
h
e
V
C
'
s
c
u
r
r
e
n
t
r
a
t
e
a
n
d
t
h
e
A
B
R
i
n
p
u
t
r
a
t
e
.
4
V
S
/
V
D
S
w
i
t
c
h
D
e
s
i
g
n
O
p
t
i
o
n
s
I
n
t
h
i
s
s
e
c
t
i
o
n
,
w
e
a
i
m
a
t
a
n
s
w
e
r
i
n
g
t
h
e
f
o
l
l
o
w
i
n
g
q
u
e
s
t
i
o
n
s
:

W
h
a
t
i
s
a
V
C
'
s
c
u
r
r
e
n
t
r
a
t
e
?
(
4
o
p
t
i
o
n
s
)

W
h
a
t
i
s
t
h
e
i
n
p
u
t
r
a
t
e
?
(
2
o
p
t
i
o
n
s
)

D
o
e
s
t
h
e
c
o
n
g
e
s
t
i
o
n
c
o
n
t
r
o
l
a
c
t
i
o
n
s
a
t
a
l
i
n
k
a

e
c
t
t
h
e
n
e
x
t
l
o
o
p
o
r
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
?
(
3
o
p
t
i
o
n
s
)

W
h
e
n
i
s
t
h
e
V
C
'
s
a
l
l
o
c
a
t
i
o
n
a
t
t
h
e
l
i
n
k
(
V
A
L
)
c
a
l
c
u
l
a
t
e
d
?
(
3
o
p
t
i
o
n
s
)
W
e
w
i
l
l
e
n
u
m
e
r
a
t
e
t
h
e
7
2
(
=
4

2

3

3
)
o
p
t
i
o
n
c
o
m
b
i
n
a
t
i
o
n
s
a
n
d
t
h
e
n
s
t
u
d
y
t
h
i
s
s
t
a
t
e
s
p
a
c
e
f
o
r
t
h
e
b
e
s
t
c
o
m
b
i
n
a
t
i
o
n
.
4
.
1
M
e
a
s
u
r
i
n
g
t
h
e
V
C
'
s
C
u
r
r
e
n
t
R
a
t
e
T
h
e
r
e
a
r
e
f
o
u
r
m
e
t
h
o
d
s
t
o
m
e
a
s
u
r
e
t
h
e
V
C
'
s
c
u
r
r
e
n
t
r
a
t
e
:
            
F
i
g
u
r
e
7
:
F
o
u
r
m
e
t
h
o
d
s
t
o
m
e
a
s
u
r
e
t
h
e
r
a
t
e
o
f
a
V
C
a
t
t
h
e
V
S
/
V
D
s
w
i
t
c
h
8
1
.
T
h
e
r
a
t
e
o
f
t
h
e
V
C
i
s
d
e
c
l
a
r
e
d
b
y
t
h
e
s
o
u
r
c
e
e
n
d
s
y
s
t
e
m
o
f
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
i
n
t
h
e
C
u
r
r
e
n
t
C
e
l
l
R
a
t
e
(
C
C
R
)

e
l
d
o
f
t
h
e
F
R
M
c
e
l
l
(
F
R
M
1
)
r
e
c
e
i
v
e
d
b
y
t
h
e
V
D
.
T
h
i
s
d
e
c
l
a
r
e
d
v
a
l
u
e
c
a
n
b
e
u
s
e
d
a
s
t
h
e
V
C
'
s
r
a
t
e
.
2
.
T
h
e
V
S
t
o
t
h
e
n
e
x
t
l
o
o
p
d
e
c
l
a
r
e
s
t
h
e
C
C
R
v
a
l
u
e
o
f
t
h
e
F
R
M
s
e
n
t
(
F
R
M
2
)
t
o
b
e
i
t
s
A
C
R
(
A
C
R
2
)
.
T
h
i
s
d
e
c
l
a
r
e
d
v
a
l
u
e
c
a
n
b
e
u
s
e
d
a
s
t
h
e
V
C
'
s
r
a
t
e
.
3
.
T
h
e
a
c
t
u
a
l
s
o
u
r
c
e
r
a
t
e
i
n
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
c
a
n
b
e
m
e
a
s
u
r
e
d
.
T
h
i
s
r
a
t
e
i
s
e
q
u
a
l
t
o
t
h
e
V
C
'
s
i
n
p
u
t
r
a
t
e
t
o
t
h
e
p
e
r
-
V
C
q
u
e
u
e
.
T
h
i
s
m
e
a
s
u
r
e
d
s
o
u
r
c
e
r
a
t
e
c
a
n
b
e
u
s
e
d
a
s
t
h
e
V
C
'
s
r
a
t
e
.
4
.
T
h
e
a
c
t
u
a
l
s
o
u
r
c
e
r
a
t
e
i
n
t
h
e
n
e
x
t
l
o
o
p
c
a
n
b
e
m
e
a
s
u
r
e
d
a
s
t
h
e
V
C
'
s
i
n
p
u
t
r
a
t
e
t
o
t
h
e
p
e
r
-
c
l
a
s
s
q
u
e
u
e
(
f
r
o
m
t
h
e
p
e
r
-
V
C
q
u
e
u
e
)
.
T
h
i
s
m
e
a
s
u
r
e
d
v
a
l
u
e
c
a
n
b
e
u
s
e
d
a
s
t
h
e
V
C
'
s
r
a
t
e
.
F
i
g
u
r
e
7
i
l
l
u
s
t
r
a
t
e
s
w
h
e
r
e
e
a
c
h
m
e
t
h
o
d
i
s
a
p
p
l
i
e
d
(
n
o
t
e
t
h
e
p
o
s
i
t
i
o
n
o
f
t
h
e
n
u
m
b
e
r
s
i
n
c
i
r
c
l
e
s
)
.
4
.
2
M
e
a
s
u
r
i
n
g
t
h
e
I
n
p
u
t
R
a
t
e
a
t
t
h
e
S
w
i
t
c
h
F
i
g
u
r
e
8
(
n
o
t
e
t
h
e
p
o
s
i
t
i
o
n
o
f
t
h
e
n
u
m
b
e
r
s
i
n
c
i
r
c
l
e
s
)
s
h
o
w
s
t
w
o
m
e
t
h
o
d
s
o
f
e
s
t
i
m
a
t
i
n
g
t
h
e
i
n
p
u
t
r
a
t
e
f
o
r
u
s
e
i
n
t
h
e
s
w
i
t
c
h
a
l
g
o
r
i
t
h
m
c
a
l
c
u
l
a
t
i
o
n
s
.
T
h
e
s
e
t
w
o
m
e
t
h
o
d
s
a
r
e
:
            
F
i
g
u
r
e
8
:
T
w
o
m
e
t
h
o
d
s
t
o
m
e
a
s
u
r
e
t
h
e
i
n
p
u
t
r
a
t
e
a
t
t
h
e
V
S
/
V
D
s
w
i
t
c
h
1
.
T
h
e
i
n
p
u
t
r
a
t
e
i
s
t
h
e
s
u
m
o
f
i
n
p
u
t
r
a
t
e
s
t
o
t
h
e
p
e
r
-
V
C
A
B
R
q
u
e
u
e
s
.
2
.
T
h
e
i
n
p
u
t
r
a
t
e
i
s
t
h
e
a
g
g
r
e
g
a
t
e
i
n
p
u
t
r
a
t
e
t
o
t
h
e
p
e
r
-
c
l
a
s
s
A
B
R
q
u
e
u
e
.
4
.
3
E

e
c
t
o
f
L
i
n
k
C
o
n
g
e
s
t
i
o
n
A
c
t
i
o
n
s
o
n
N
e
i
g
h
b
o
r
i
n
g
L
i
n
k
s
T
h
e
l
i
n
k
c
o
n
g
e
s
t
i
o
n
c
o
n
t
r
o
l
a
c
t
i
o
n
s
c
a
n
a

e
c
t
n
e
i
g
h
b
o
r
i
n
g
l
i
n
k
s
.
T
h
e
f
o
l
l
o
w
i
n
g
a
c
t
i
o
n
s
a
r
e
p
o
s
s
i
b
l
e
i
n
r
e
s
p
o
n
s
e
t
o
t
h
e
l
i
n
k
c
o
n
g
e
s
t
i
o
n
o
f
L
i
n
k
2
:
9
1
.
C
h
a
n
g
e
E
R
1
.
T
h
i
s
a

e
c
t
s
t
h
e
r
a
t
e
o
f
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
o
n
l
y
.
T
h
e
c
h
a
n
g
e
i
n
r
a
t
e
i
s
e
x
p
e
r
i
e
n
c
e
d
o
n
l
y
a
f
t
e
r
a
f
e
e
d
b
a
c
k
d
e
l
a
y
e
q
u
a
l
t
o
t
w
i
c
e
t
h
e
p
r
o
p
o
g
a
t
i
o
n
d
e
l
a
y
o
f
t
h
e
l
o
o
p
.
2
.
C
h
a
n
g
e
A
C
R
2
.
T
h
i
s
a

e
c
t
s
t
h
e
r
a
t
e
o
f
t
h
e
n
e
x
t
l
o
o
p
o
n
l
y
.
T
h
e
c
h
a
n
g
e
i
n
r
a
t
e
i
s
e
x
p
e
r
i
e
n
c
e
d
i
n
s
t
a
n
t
a
n
e
o
u
s
l
y
.
3
.
C
h
a
n
g
e
E
R
1
a
n
d
A
C
R
2
.
T
h
i
s
a

e
c
t
s
b
o
t
h
t
h
e
p
r
e
v
i
o
u
s
a
n
d
t
h
e
n
e
x
t
l
o
o
p
.
T
h
e
n
e
x
t
l
o
o
p
i
s
a

e
c
t
e
d
i
n
s
t
a
n
t
a
n
e
o
u
s
l
y
w
h
i
l
e
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
i
s
a

e
c
t
e
d
a
f
t
e
r
a
f
e
e
d
b
a
c
k
d
e
l
a
y
a
s
i
n
t
h
e

r
s
t
c
a
s
e
.
4
.
4
F
r
e
q
u
e
n
c
y
o
f
U
p
d
a
t
i
n
g
t
h
e
A
l
l
o
c
a
t
e
d
R
a
t
e
T
h
e
E
R
I
C
A
a
l
g
o
r
i
t
h
m
i
n
a
n
o
n
-
V
S
/
V
D
s
w
i
t
c
h
c
a
l
c
u
l
a
t
e
s
t
h
e
a
l
l
o
c
a
t
e
d
r
a
t
e
w
h
e
n
a
B
R
M
c
e
l
l
i
s
p
r
o
c
e
s
s
e
d
i
n
a
s
w
i
t
c
h
.
H
o
w
e
v
e
r
,
i
n
a
V
S
/
V
D
s
w
i
t
c
h
,
t
h
e
r
e
a
r
e
t
h
r
e
e
o
p
t
i
o
n
s
a
s
s
h
o
w
n
i
n
F
i
g
u
r
e
9
:
            
F
i
g
u
r
e
9
:
T
h
r
e
e
m
e
t
h
o
d
s
t
o
u
p
d
a
t
e
t
h
e
a
l
l
o
c
a
t
e
d
r
a
t
e
1
.
C
a
l
c
u
l
a
t
e
a
l
l
o
c
a
t
e
d
r
a
t
e
o
n
r
e
c
e
i
v
i
n
g
B
R
M
2
o
n
l
y
.
S
t
o
r
e
t
h
e
v
a
l
u
e
i
n
a
t
a
b
l
e
a
n
d
u
s
e
t
h
i
s
t
a
b
l
e
v
a
l
u
e
w
h
e
n
a
n
F
R
M
i
s
t
u
r
n
e
d
a
r
o
u
n
d
.
2
.
C
a
l
c
u
l
a
t
e
a
l
l
o
c
a
t
e
d
r
a
t
e
o
n
l
y
w
h
e
n
F
R
M
1
i
s
t
u
r
n
e
d
a
r
o
u
n
d
.
3
.
C
a
l
c
u
l
a
t
e
a
l
l
o
c
a
t
e
d
r
a
t
e
b
o
t
h
w
h
e
n
F
R
M
1
i
s
t
u
r
n
e
d
a
r
o
u
n
d
a
s
w
e
l
l
a
s
w
h
e
n
B
R
M
2
i
s
r
e
c
e
i
v
e
d
.
I
n
t
h
e
n
e
x
t
s
e
c
t
i
o
n
,
w
e
d
i
s
c
u
s
s
t
h
e
v
a
r
i
o
u
s
o
p
t
i
o
n
s
a
n
d
p
r
e
s
e
n
t
a
n
a
l
y
t
i
c
a
l
a
r
g
u
m
e
n
t
s
t
o
e
l
i
m
i
n
a
t
e
c
e
r
t
a
i
n
d
e
s
i
g
n
c
o
m
b
i
n
a
t
i
o
n
s
.
5
V
S
/
V
D
S
w
i
t
c
h
D
e
s
i
g
n
O
p
t
i
o
n
s
5
.
1
V
C
R
a
t
e
M
e
a
s
u
r
e
m
e
n
t
T
e
c
h
n
i
q
u
e
s
W
e
h
a
v
e
p
r
e
s
e
n
t
e
d
f
o
u
r
w
a
y
s
o
f

n
d
i
n
g
t
h
e
t
h
e
V
C
'
s
c
u
r
r
e
n
t
r
a
t
e
i
n
s
e
c
t
i
o
n
4
.
1
,
t
w
o
o
f
t
h
e
m
u
s
e
d
d
e
c
l
a
r
e
d
r
a
t
e
s
a
n
d
t
w
o
o
f
t
h
e
m
m
e
a
s
u
r
e
d
t
h
e
a
c
t
u
a
l
s
o
u
r
c
e
r
a
t
e
.
W
e
s
h
o
w
t
h
a
t
m
e
a
s
u
r
i
n
g
s
o
u
r
c
e
r
a
t
e
s
i
s
b
e
t
t
e
r
t
h
a
n
u
s
i
n
g
d
e
c
l
a
r
e
d
r
a
t
e
s
f
o
r
t
w
o
r
e
a
s
o
n
s
.
1
0
F
i
r
s
t
,
t
h
e
d
e
c
l
a
r
e
d
V
C
r
a
t
e
o
f
a
l
o
o
p
n
a
i
v
e
l
y
i
s
t
h
e
m
i
n
i
m
u
m
o
f
b
o
t
t
l
e
n
e
c
k
r
a
t
e
s
o
f
d
o
w
n
s
t
r
e
a
m
l
o
o
p
s
o
n
l
y
.
I
t
d
o
e
s
n
o
t
c
o
n
s
i
d
e
r
t
h
e
b
o
t
t
l
e
n
e
c
k
r
a
t
e
s
o
f
u
p
s
t
r
e
a
m
l
o
o
p
s
,
a
n
d
m
a
y
o
r
m
a
y
n
o
t
c
o
n
s
i
d
e
r
t
h
e
b
o
t
t
l
e
n
e
c
k
r
a
t
e
o
f
t
h
e

r
s
t
l
i
n
k
o
f
t
h
e
n
e
x
t
l
o
o
p
.
M
e
a
s
u
r
e
m
e
n
t
a
l
l
o
w
s
b
e
t
t
e
r
e
s
t
i
m
a
t
i
o
n
o
f
l
o
a
d
w
h
e
n
t
h
e
t
r
a

c
i
s
n
o
t
r
e
g
u
l
a
r
.
S
e
c
o
n
d
,
t
h
e
a
c
t
u
a
l
r
a
t
e
o
f
t
h
e
V
C
m
a
y
b
e
l
o
w
e
r
t
h
a
n
t
h
e
d
e
c
l
a
r
e
d
A
C
R
o
f
t
h
e
V
C
d
u
e
t
o
d
y
n
a
m
i
c
c
h
a
n
g
e
s
i
n
b
o
t
t
l
e
n
e
c
k
r
a
t
e
s
u
p
s
t
r
e
a
m
o
f
t
h
e
c
u
r
r
e
n
t
s
w
i
t
c
h
.
T
h
e
d
i

e
r
e
n
c
e
i
n
A
C
R
a
n
d
V
C
r
a
t
e
w
i
l
l
r
e
m
a
i
n
a
t
l
e
a
s
t
a
s
l
o
n
g
a
s
t
h
e
t
i
m
e
r
e
q
u
i
r
e
d
f
o
r
n
e
w
f
e
e
d
b
a
c
k
f
r
o
m
t
h
e
b
o
t
t
l
e
n
e
c
k
i
n
t
h
e
p
a
t
h
t
o
r
e
a
c
h
t
h
e
s
o
u
r
c
e
p
l
u
s
t
h
e
t
i
m
e
f
o
r
t
h
e
n
e
w
V
C
r
a
t
e
t
o
b
e
e
x
p
e
r
i
e
n
c
e
d
a
t
t
h
e
s
w
i
t
c
h
.
T
h
e
s
u
m
o
f
t
h
e
s
e
t
w
o
d
e
l
a
y
c
o
m
p
o
n
e
n
t
s
i
s
c
a
l
l
e
d
t
h
e
\
f
e
e
d
b
a
c
k
d
e
l
a
y
.
"
D
u
e
t
o
f
e
e
d
b
a
c
k
d
e
l
a
y
,
i
t
i
s
p
o
s
s
i
b
l
e
t
h
a
t
t
h
e
d
e
c
l
a
r
e
d
r
a
t
e
i
s
a
s
t
a
l
e
v
a
l
u
e
a
t
a
n
y
p
o
i
n
t
o
f
t
i
m
e
.
T
h
i
s
i
s
e
s
p
e
c
i
a
l
l
y
t
r
u
e
i
n
V
S
/
V
D
s
w
i
t
c
h
e
s
w
h
e
r
e
p
e
r
-
V
C
q
u
e
u
e
s
m
a
y
c
o
n
t
r
o
l
s
o
u
r
c
e
r
a
t
e
s
t
o
v
a
l
u
e
s
q
u
i
t
e
d
i

e
r
e
n
t
f
r
o
m
t
h
e
i
r
d
e
c
l
a
r
e
d
r
a
t
e
s
.
F
u
r
t
h
e
r
,
t
h
e
m
e
a
s
u
r
e
d
s
o
u
r
c
e
r
a
t
e
c
a
n
e
a
s
i
l
y
b
e
c
a
l
c
u
l
a
t
e
d
i
n
a
V
S
/
V
D
s
w
i
t
c
h
s
i
n
c
e
t
h
e
n
e
c
e
s
s
a
r
y
q
u
a
n
t
i
t
i
e
s
(
n
u
m
b
e
r
o
f
c
e
l
l
s
a
n
d
t
i
m
e
p
e
r
i
o
d
)
a
r
e
m
e
a
s
u
r
e
d
a
s
p
a
r
t
o
f
o
n
e
o
f
t
h
e
s
o
u
r
c
e
e
n
d
s
y
s
t
e
m
r
u
l
e
s
(
S
E
S
R
u
l
e
5
)
[
1
,
2
,
1
0
]
.
5
.
2
I
n
p
u
t
R
a
t
e
m
e
a
s
u
r
e
m
e
n
t
t
e
c
h
n
i
q
u
e
s
A
s
d
i
s
c
u
s
s
e
d
e
a
r
l
i
e
r
,
t
h
e
i
n
p
u
t
r
a
t
e
c
a
n
b
e
m
e
a
s
u
r
e
d
a
s
t
h
e
s
u
m
o
f
t
h
e
i
n
p
u
t
r
a
t
e
s
o
f
V
C
s
t
o
t
h
e
p
e
r
-
V
C
q
u
e
u
e
s
o
r
t
h
e
a
g
g
r
e
g
a
t
e
i
n
p
u
t
r
a
t
e
t
o
t
h
e
p
e
r
-
c
l
a
s
s
q
u
e
u
e
.
T
h
e
s
e
t
w
o
r
a
t
e
s
c
a
n
b
e
d
i

e
r
e
n
t
b
e
c
a
u
s
e
t
h
e
i
n
p
u
t
r
a
t
e
t
o
t
h
e
p
e
r
-
V
C
q
u
e
u
e
s
i
s
a
t
t
h
e
p
r
e
v
i
o
u
s
l
o
o
p
'
s
r
a
t
e
w
h
i
l
e
t
h
e
i
n
p
u
t
t
o
t
h
e
p
e
r
-
c
l
a
s
s
q
u
e
u
e
i
s
r
e
l
a
t
e
d
t
o
t
h
e
n
e
x
t
l
o
o
p
'
s
r
a
t
e
.
F
i
g
u
r
e
1
0
s
h
o
w
s
a
s
i
m
p
l
e
c
a
s
e
w
h
e
r
e
t
w
o
a
d
j
a
c
e
n
t
l
o
o
p
s
c
a
n
r
u
n
a
t
v
e
r
y
d
i

e
r
e
n
t
r
a
t
e
s
(
1
0
M
b
p
s
a
n
d
1
0
0
M
b
p
s
)
f
o
r
o
n
e
f
e
e
d
b
a
c
k
d
e
l
a
y
.
            
F
i
g
u
r
e
1
0
:
T
w
o
a
d
j
a
c
e
n
t
l
o
o
p
s
m
a
y
o
p
e
r
a
t
e
a
t
v
e
r
y
d
i

e
r
e
n
t
r
a
t
e
s
f
o
r
o
n
e
f
e
e
d
b
a
c
k
d
e
l
a
y
5
.
3
C
o
m
b
i
n
a
t
i
o
n
s
o
f
V
C
r
a
t
e
a
n
d
i
n
p
u
t
r
a
t
e
m
e
a
s
u
r
e
m
e
n
t
o
p
t
i
o
n
s
T
a
b
l
e
1
s
u
m
m
a
r
i
z
e
s
t
h
e
o
p
t
i
o
n
c
o
m
b
i
n
a
t
i
o
n
s
c
o
n
s
i
d
e
r
i
n
g
t
h
e
f
a
c
t
t
h
a
t
t
w
o
a
d
j
a
c
e
n
t
l
o
o
p
s
m
a
y
r
u
n
a
t
d
i

e
r
e
n
t
r
a
t
e
s
.
T
h
e
t
a
b
l
e
s
h
o
w
s
t
h
a
t
f
o
u
r
o
f
t
h
e
s
e
c
o
m
b
i
n
a
t
i
o
n
s
m
a
y
w
o
r
k
s
a
t
i
s
f
a
c
t
o
r
i
l
y
.
T
h
e
1
1
other combinations use inconsistent information and hence may either overallocate rates leading to
unconstrained queues or result in unnecessary oscillations. We can eliminate some more cases as
discussed below.
Table 1: Viable combinations of VC rate and input rate measurement
# VC Rate  VC rates (Mbps) Input Rate Input Rate Design
Method Method Value (YES/NO)
1. From FRM1 10  per-VC 10 YES
2. From FRM1 10 per-class 10-100 NO
3. From FRM2 100  per-VC 10 NO
4. From FRM2 100 per-class 100 YES
5. At per-VC queue 10  per-VC 10 YES
6. At per-VC queue 10 per-class 10-100 NO
7. At per-class queue 100  per-VC 10 NO
8. At per-class queue 100 per-class 100 YES
The above table does not make any assumptions about the queue lengths at any of the queues
(per-VC or per-class). For example, when the queue lengths are close to zero, the actual source rate
might be much lower than the declared rate in the FRMs leading to overallocation of rates. This
criterion can be used to reject more options.
The performance of one such rejected case is shown in Figure 11 (corresponding to row 4 in Table 1).
The conguration used has two ABR innite sources and one high priority VBR source contending
for the bottleneck link's (LINK1) bandwidth. The VBR has an ON/OFF pattern, where it uses
80% of the link capacity when ON. The ON time and the OFF time are equal (20 ms each). The
VS/VD switch overallocates rates when the VBR source is OFF. This leads to ABR queue backlogs
when the VBR source comes ON in the next cycle. The queue backlogs are never cleared, and
hence the queues diverge. In this case, the fast response of VS/VD is harmful because the rates are
overallocated.
In this study, we have not evaluated row 5 of the table (measurement of VC rate at entry to the
per-VC queues). Hence, out of the total of 8 combinations, we consider two viable combinations:
row 1 and row 8 of the table. Note that since row 8 uses source rate measurement, we expect it
12
            
(a) ACR
            
(b) Queue Lengths
            
(c) Cells Received
            
(d) Conguration
Figure 11: 2-source+VBR conguration. Unconstrained queues due to overallocation.
to show better performance. This is substantiated by our simulation results presented later in the
paper.
5.4 Eect of Link Congestion Control Actions
In a network with non-VS/VD switches only, the bottleneck rate needs to reach the sources before
any corresponding load change is seen in the network. However, a VS/VD switch can enforce the
new bottleneck rate immediately (by changing the ACR of the per-VC queue at the VS). This
rate enforcement aects the utilization of links in the next loop. Hence, the VS/VD link congestion
control actions can aect neighboring loops. We have enumerated three options in an earlier section.
We note that the second option (\next loop only") does not work because the congestion information
is not propagated to the sources of the congestion (as required by the standard [1]). This leaves
us with two alternatives. The third option (\both loops") is attractive because, when ACR
2
is
updated, the switches in the next loop experience the load change faster. Switch algorithms may
save a few iterations and converge faster in these cases.
Figure 12 shows the fast convergence in a parking lot conguration when such a VS/VD switch is
13
            
(a) ACR
            
(b) Queue Lengths
            
(c) Conguration
Figure 12: Parking lot conguration. Illustrates fast convergence of the best VS/VD option.
used. The parking lot conguration (Figure 12(c))consists of three VCs contending for the Sw2-Sw3
link bandwidth. Link lengths are 1000 km and link bandwidths are 155.52 Mbps. The target rate
of the ERICA algorithm was 90% of link bandwidth i.e., 139.97 Mbps. The round trip time for the
S3-D3 VC is shorter than the round trip time for the other two VCs. The optimum allocation by
ERICA for each source is 1/3 of the target rate on the Sw2-Sw3 (about 46.7 Mbps). Figure 12(a)
shows that the optimum value is reached at 40 ms. Part (b) of the gure shows that the transient
queues are small and that the allocation is fair.
g:example-conv
5.5 Link Congestion and Allocated Rate Update Frequency: Viable
Options
The allocated rate update has three options:
a) update upon BRM receipt (in VS) and enter the value in a table to be used when an FRM is
turned around,
b) update upon FRM turnaround (at VD) and no action at VS,
c) update both at FRM (VD) and at BRM (VS) without use of a table.
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As we compare the values in each row of the table, we nd that, in general, there is little dierence
between the alternatives in terms of throughput. However, there is a slight increase in throughput
when VS/VD is used over the case without VS/VD switch.
6.1.3 Convergence Time
The convergence time is a measure of how fast the scheme nishes the transient phase and reaches
steady state. It is also sometimes called \transient response." The convergence times of the various
options are shown in Table 4. The \transient" conguration mentioned in the table has two ABR
VCs sharing a bottleneck (like the 2 source + VBR conguration, but without the VBR VC). One
of the VCs comes on in the middle of the simulation and remains active for a period of 60 ms before
going o.
Table 4: Convergence time in ms
VS/VD Option # ! A B C D E F No VS/VD
Conguration #
Transient 50 50 65 20 55 25 60
Parking lot 120 100 170 45 125 50 140
Upstream bottleneck 95 75 75 20 95 20 70
Observe that the convergence time of VS/VD option D (highlighted) is the best. Recall that this
conguration corresponds to measuring the VC rate at the entry to the per-class queue, input rate
measured at the per-class queue, link congestion aecting both the next loop and the previous loop,
the allocated rate updated at both FRM1 and BRM2.
6.1.4 Maximum Transient Queue Length
The maximum transient queues gives a measure of how askew the allocations were when compared
to the optimal allocation and how soon this was corrected. The maximum transient queues are
tabulated for various congurations for each VS/VD option and for the case without VS/VD in
Table 5.
The table shows that VS/VD option D has very small transient queues in all the congurations
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Table 5: Maximum queue length in Kcells
VS/VD Option # ! A B C D E F No VS/VD
Conguration #
2 Source + VBR 1.2 1.4 2.7 1.8 2.7 1.8 2.7
Transient 1.4 1.1 1.4 0.025 1.3 1.0 6.0
Parking lot 1.9 1.9 1.4 0.3 3.7 0.35 2.0
Upstream bottleneck 0.025 0.08 0.3 0.005 1.3 0.005 0.19
and the minimum queues in a majority of cases. This result, combined with the fastest response
and near-maximum throughput behavior conrms the choice of option D as the best VS/VD im-
plementation.
Observe that the queues for the VS/VD implementations are in general lesser than or equal to
the queues for the case without VS/VD. However, the queues reduce much more if the correct
implementation (like option D) is chosen.
7 Conclusions
In summary:
 VS/VD is an option that can be added to switches which implement per-VC queueing. The
addition can potentially yield improved performance in terms of response time, convergence
time, and smaller queues. This is especially useful for switches at the edge of satellite networks
or switches that are attached to links with large delay-bandwidth product. The fast response
and convergence times also help support bursty trac like data more eciently.
 The eect of VS/VD depends upon the switch algorithm used and how it is implemented
in the VS/VD switch. The convergence time and transient queues can be very dierent for
dierent VS/VD implementations of the same basic switch algorithm. In such cases the fast
response of VS/VD is harmful.
 With VS/VD, ACR and actual rates are very dierent. The switch cannot rely on the RM
cell CCR eld. We recommend that the VS/VD switch and in general, switches implementing
per-VC queueing measure the VC's current rate.
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 The sum of the input rates to per-VC VS queues is not the same as the input rate to the link.
It is best to measure the VC's rate at the output of the VS and the input rate at the entry to
the per-class queue.
 On detecting link congestion, the congestion information should be forwarded to the previ-
ous loop as well as the next loop. This method reduces the convergence time by reducing
the number of iterations required in the switch algorithms on the current and downstream
switches.
 It is best for the the rate allocated to a VC to be calculated both when turning around FRMs
at the VD as well as after receiving BRMs at the next VS.
8 Future Work
The VS/VD provision in the ABR trac management framework can potentially improve perfor-
mance of bursty trac and reduce the buer requirements in switches. The VS/VD mechanism
achieves this by breaking up a large ABR loop into smaller ABR loops which are separately con-
trolled. However, further study is required in the following areas:
 Eect of VS/VD on buer requirements in the switch.
 Scheduling issues with VS/VD.
 Eect of dierent switch algorithms in dierent control loops, and dierent control loop
lengths.
 Eect of non-ABR clouds and standardization issues involved.
 Eect of using switch algorithms specically designed to exploit the per-VC queueing policy
required in VS/VD implementations.
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